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(57) ABSTRACT

An electrospinning apparatus and methodology is described
that produces medical devices, such as scaffolds that induce
the formation of a natural fibrous structure (primarily col-
lagen and elastin) in a tissue-engineered medical device. The
apparatus uses collection surfaces designed to manipulate or
change the electrostatic field so that the electrospun fibers are
arranged in desirable patterns that are similar to or mimic the
fibrillar structure of an animal tissue. The manipulation
results in fibers that are preferentially oriented in a predefined
pattern. In addition, the interfiber space between the fibers
and the fiber diameter are consistently within a predefined
range. Using these techniques in conjunction with controlling
polymer properties enables the production of a scaffold that
has the structural and mechanical characteristics similar to
the native tissue.
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APPARATUS FOR CONTROLLED
ELECTROSPINNING

CROSS-REFERENCES TO RELATED
APPLICATIONS

This applicationis a division of U.S. patent application Ser.
No. 11/609,774, filed Dec. 12, 2006, now U.S. Pat. No. 7,981,
353, which claims the benefit of U.S. Provisional Application
No. 60/749,450, filed Dec. 12, 2005, both of which applica-
tions are incorporated herein in their entirety by reference.

STATEMENT OF GOVERNMENT LICENSE
RIGHTS

This invention was made with government support under
grant number EEC9529161 awarded by the National Science
Foundation. The government has certain rights in the inven-
tion.

BACKGROUND

Valvular heart disecase has a mortality rate of approxi-
mately 40% in the United States alone. The major reason for
this high mortality is the lack of a suitable replacement for
diseased valves. Current replacement valves lack either the
structural, functional (mechanical), or both structural and
functional characteristics of the native valves they are
intended to replace. These deficiencies result in the manifes-
tation of a variety of valve rejection and failure problems.

The engineering of substitute heart valves using biodegrad-
able scaffolds and autologous cells has undergone consider-
able advances in recent years. Research conducted attempting
to optimize cell source and culturing techniques for develop-
ing functional tissues has had promising results. However, in
vivo studies resulted in valves that did not perform as well as
the native valves they were intended to replace. Accordingly,
there continues to be a need for artificial implantable medical
devices, such as heart valves.

SUMMARY

This summary is provided to introduce a selection of con-
cepts in a simplified form that are further described below in
the Detailed Description. This summary is not intended to
identify key features of the claimed subject matter, nor is it
intended to be used as an aid in determining the scope of the
claimed subject matter.

In view of the foregoing, an embodiment of the invention is
a medical device having either or both the structural and
mechanical characteristics of the native tissue that the medi-
cal device is intended to replace or mimic. Embodiments of
the medical device can be made from biological proteins,
synthetic polymers, natural fibers, non-synthetic polymers,
and combinations of any of these in conjunction with autolo-
gous cells to engineer a tissue that will mimic the structural,
mechanical, or functional characteristics of the native tissue.
As an alternative to autologous cells, various different cell
types/lines could be used, including stem cells and progenitor
cells.

In another embodiment of the invention, an electrospin-
ning apparatus and methodology is described that produces
medical devices, such as scaffolds that induce the formation
of a natural fibrous structure (primarily collagen and elastin)
in the tissue-engineered medical device. In addition, the for-
mation of the appropriate structure results in mechanical
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properties of the tissue-engineered medical device that are
similar to the mechanical properties of normal native tissue.

The apparatus uses collection surfaces designed to
manipulate or change the electrostatic field so that the elec-
trospun fibers are arranged in desirable patterns that are simi-
lar to or mimic the fibrillar structure of an animal tissue. The
manipulation results in fibers that are preferentially oriented
in a predefined pattern. In addition, the interfiber space
between the fibers and the fiber diameter are consistently
within a predefined range. Using these techniques in conjunc-
tion with controlling polymer properties enables the produc-
tion of a scaffold that has the structural and mechanical char-
acteristics similar to the native tissue.

The scaffolds may be seeded with autologous cells after
which the cells begin to produce extracellular matrix proteins
(collagen, elastin, glycosaminoglycans). The scaffold with
known mechanical properties and fiber architectures control
collagen synthesis through cellular interaction with the scaf-
fold. The scaftfold mechanical properties that influence extra-
cellular matrix formation are the stress-strain relationship,
stiffness, and polymer degradation rate. The result, when the
architecture and mechanical properties are controlled cor-
rectly, is a functional tissue-engineered valve with properties
similar to the native valve.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same become better understood by reference to the
following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

FIG. 1 is a diagrammatical illustration of an electrospin-
ning apparatus in accordance with one embodiment of the
present invention;

FIG. 2 is a diagrammatical illustration of an electrospin-
ning apparatus in accordance with one embodiment of the
present invention;

FIG. 3 is a diagrammatical illustration of a collection sur-
face in accordance with one embodiment of the present inven-
tion;

FIG. 4 is a diagrammatical illustration of a cross section of
a collection surface in accordance with one embodiment of
the present invention;

FIG. 5 is an image using light microscopy of fibers pro-
duced in accordance with one embodiment of the present
invention;

FIG. 6is a scanning electron micrograph of fibers produced
in accordance with one embodiment of the present invention;

FIG. 71is a scanning electron micrograph of fibers produced
in accordance with one embodiment of the present invention;

FIGS. 8 and 9 are graphs representing the fiber diameter
dependence on voltage (V), temperature (1), ratio of collec-
tion surface distance from nozzle to distance between the
electrodes (1)), surface area (SA), dielectric strength (DS),
and distance between the electrodes (De);

FIGS. 10 and 11 are graphs representing the interfiber
spacing dependence on voltage (V), temperature (T), ratio of
collection surface distance from nozzle to distance between
the electrodes (1)), surface area (SA), dielectric strength (DS),
and distance between the electrodes (De);

FIG. 12 is a graph representing the fiber diameter depen-
dence on the voltage (V) for three different values of the ratio
of collection surface distance from nozzle to distance
between the electrodes (1));

FIG. 13 is a bar graph representing the relative influence of
voltage (V), temperature (T), ratio of collection surface dis-
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tance from nozzle to distance between the electrodes (1),
surface area (SA), dielectric strength (DS), and distance
between the electrodes (De);

FIGS. 14 and 15 are graphs representing the mass flow rate
dependence on voltage (V), ratio of collection surface dis-
tance from nozzle to distance between the electrodes (1),
surface area (SA), dielectric strength (DS), and distance
between the electrodes (De);

FIG. 16 is a diagrammati

cal illustration of an undisturbed electrostatic field gener-
ated between a first electrode and second electrode; and

FIG. 17 is a diagrammatical illustration of an electrostatic
field interfered with or manipulated by a collection surface in
accordance with the invention.

DETAILED DESCRIPTION

FIG. 1 is a diagrammatical illustration of an electrospin-
ning apparatus 100 in accordance with one embodiment of
the invention. The electrospinning apparatus 100 includes a
reservoir 102 or chamber for containing a spinning dope. The
spinning dope may be a polymer solution, a polymer melt, or
any material capable of being spun. A polymer that may be
used is a polyurethane, and specifically a degradable polyure-
thane, such as an amino acid-based polyurethane. The reser-
voir 102 is a container that may be sealed in a pressure-tight
manner. The reservoir 102 includes anozzle 104 at the bottom
of the reservoir 102 through which the spinning dope is
extruded and/or drawn by an electrostatic force, as will be
described in greater detail below. The dope may be subjected
to pressure and/or a vacuum via a plunger or via a means for
applying pressure within the reservoir 102 that delivers the
dope to the nozzle 104. For example, pressurized air or
vacuum may be supplied to the reservoir 102 by dedicated
lines having control valves that are under the control of a
controller.

The apparatus 100 may include an enclosure 106. In one
embodiment, the enclosure 106 includes a six-sided vessel.
The enclosure 106 may include one or more ports for deliv-
ering a pressurized gas to the interior of the enclosure 106.
The gas may be nitrogen, for example. Alternatively, a
vacuum may be applied to the enclosure 106. Pressurized gas
lines and vacuum lines may include automated valves con-
nected to a controller to control the pressure and/or vacuum
within the enclosure 106. In one embodiment, the reservoir
102 is placed on the upper wall of the enclosure 106 so that the
nozzle 104 projects downward into the enclosure 106.

The nozzle 104 is connected to a first electrode 108. The
electrode 108 is grounded or at least a potential lower than a
second electrode described below. For purposes of control-
ling the spinning dope viscosity, a temperature sensor 110
may be positioned at the reservoir 102 to measure the tem-
perature of the reservoir 102 and/or the dope inside of the
reservoir 102. Heating coils (not shown) may be wrapped
around the exterior of the reservoir 102 to maintain the res-
ervoir and/or the dope at a predetermined temperature. Heat-
ing may be provided by electrical heat tracing or tubing
provided with a heating medium, such as a hot fluid or steam.

The second electrode 112 is positioned opposite to the first
electrode 108 and at a distance removed from the first elec-
trode 108 at the bottom wall of the enclosure 106 facing
upward. In one embodiment, the second electrode 112 is
connected to a high voltage power supply 114 that applies a
high voltage to the second electrode 112. When the first
electrode 108 is at a potential lower than the second electrode
112, an electrostatic field is created between the first 108 and
the second 112 electrodes, having generally undisturbed par-

10

15

20

25

30

35

40

45

50

55

60

65

4

allel lines of electrostatic force (field lines) as illustrated in
FIG. 16. In one aspect of the invention, the electrostatic field
between the first 108 and the second 112 electrodes is inter-
fered with, manipulated, or caused to be changed so that
desired patterns are created in the electrostatic field lines of
force, either by interference with or by the creation of a
second electrostatic field, so that the fibers spun via the elec-
trospinning apparatus 100 lie according to the patterns cre-
ated by the interference with, the changes, or the second
electrostatic field. For example, in FIG. 17, the lines of force
of the electrostatic field have been changed by placing a
collection surface 116 between the first electrode 108 and the
second electrode 112.

In the technique of electrospinning, an electrostatic force is
used to draw fine jets of dope from the reservoir. Dope held by
surface tension at the nozzle is subjected to an electrostatic
field that induces a charge at the surface. Mutual charge
repulsion causes a force directed opposite to the surface ten-
sion. When the electrostatic field intensity is sufficiently
strong, forces onthe surface of the dope at the tip of the nozzle
overcome the surface tension, the surface elongates, and
makes a fine jet in the direction of the applied field (perpen-
dicular to the liquid surface). As the jet travels towards the
electrode of the applied voltage, the dope is collected as a
non-woven mesh of fine fibers. The conventional electrospin-
ning apparatus has a plate, screen, or a rotating mandrel
positioned beneath the nozzle that is connected to the bottom
electrode. Therefore, the pattern of fibers that is producedis in
accordance with an undisturbed electrostatic field.

In one embodiment of the invention, the electrostatic field
created between the first electrode 108 and the second elec-
trode 112 is interfered with, manipulated, or changed to have
a desirable pattern by a collection surface 116 that is inter-
posed between the first 108 and the second 112 electrodes, so
that the collection surface 116 is isolated from the first 108
and the second 112 electrodes. The collection surface 116
may be electrically isolated from the first 108 and the second
112 electrodes. This configuration avoids influencing the col-
lection surface 116 either through the ground or charged
electrode. This configuration further enables exploration of
the influence of the collection surface characteristics on mesh
architecture and fiber morphology. The collection surface 116
can be made from a dielectric material, a conductive material,
or any combination of both a dielectric material and a con-
ductive material. The collection surface 116 interferes with,
and causes a change or disturbance in the electrostatic field,
such as illustrated in FIG. 1. The resulting non-woven mesh
has fibers that are random. In other embodiments as is illus-
trated in FIGS. 3 and 4, the collection surface 116 may have
parallel conductive wires 134, wherein the conductive wires
134 causes alignment of the fibers parallel to the conductive
wires 134, resulting in non-woven meshes having an array of
non-random fibers corresponding to each conductive wire
134. A dielectric material 136 is exposed between and sepa-
rates the conductive wires 134, so that random fibers are
deposited between non-random fibers, resulting in a non-
woven mesh having arrays of non-random fibers and random
fibers between arrays that attach adjacent arrays to one
another. It is to be appreciated that the collection surface 116
illustrated in FIGS. 3 and 4 is a representative collection
surface 116. Other embodiments ofthe collection surface 116
can have conductive wires arranged in different patterns.
Furthermore, the collection surface 116 can be made entirely
from dielectric materials, entirely from conductive materials,
or any combination of dielectric materials and conductive
materials. Additionally, conductive materials can be layered
alternately with dielectric materials to create arrays of non-
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random fibers connected by random fibers. Each configura-
tion of the collection surface 116 results in influencing the
lines of force in the electrostatic field created between the first
108 electrode and the second 112 electrode. By placing con-
ductive materials appropriately on the collection surface 116,
the alignment of the electro spun fibers can be made to align
in patterns that mimic the fibrillar structure of native tissue
that the meshes are intended to replace. As an alternative to a
planar collection surface, such as the illustrated collection
surface 116, the collection surface can be disposed on a rotat-
ing mandrel, for example, a cylindrical mandrel, positioned
between the first electrode 108 and the second electrode 112
with the longitudinal axis along the “X” axis. In this latter
embodiment, the rotating mandrel collects fibers to form
scaffold tubes. Further, this embodiment may be used in the
embodiment of the apparatus 100 illustrated in FIG. 1 in place
of'the collection surface 116. The mandrel can be made from
dielectric materials, conductive materials, or both types of
materials.

Returning to FIG. 1, a translation stage 118 is connected to
the collection surface 116 to translate the collection surface
116 in three (3) dimensions. The translation stage 118
includes an actuator 128 that moves the translation arm ver-
tically or in any position parallel to a horizontal plane. The
translation stage 118 may be connected to linear actuators for
moving the translation stage in the X, Y, and Z directions. The
translation stage 118 is controlled to move in the horizontal
plane so that the electrospun fibers cover the desired portions
of the collection surface 116. The translation stage 118
includes a position indicating transmitter 129 to determine
and control the position of the collection surface 116 via a
controller.

The apparatus 100 may include instrumentation to control
process variables and parameters. For example, a pressure
transmitter 120 monitoring the pressure and/or vacuum inside
the reservoir 102 may be used to control the pressure and/or
vacuum inside of the reservoir 102 to provide a steady supply
of dope to the nozzle 104 at a generally constant mass flow
rate. Additionally, a temperature transmitter 110 to measure
the temperature of the reservoir 102 and/or the dope inside the
reservoir 102 may be provided to control the temperature of
the spinning dope. A measurement of the temperature of the
dope is an indirect way of obtaining the viscosity of the dope.
Translation stage 118 position is measured by position indi-
cating transmitter 129, and consequently collection surface
116 distance from the nozzle 104, is controlled by one or
more actuators 128 that can move the collection surface 116
toward and away from the nozzle 104. Additionally, the sec-
ond electrode 112 can be attached to an actuator 132 so as to
vary the distance between the first electrode 108 and the
second electrode 112. Toward this end, a position indicating
transmitter 133 is located at the actuator 132 to measure and
control the position of the second electrode 112 and so, con-
trol the distance between the first electrode 108 and the sec-
ondelectrode 112. A voltage transmitter 124 is provided at the
power supply 114 to measure and control the voltage at the
second electrode 112. The enclosure 106 may include a pres-
sure/vacuum transmitter 121 to measure and control pressure
and/or vacuum within the enclosure 106 via the operation of
an automated valve, for example. To vary the dielectric
strength of the collection surface 116, different dielectric
materials, such as polystyrene, Teflon™, and Pyrex™ can be
used for the collection surface 116. The various instruments
are connected to a controller 126. As is well known in the art,
a controller 126 can have any number of signal conditioning
modules so as to be able to read, convert, or digitize, and
process the signals from the various instruments. The con-
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troller 126 includes a processor that can be provided with
instructions to follow a particular algorithm to maintain the
desired variable at a predetermined setpoint. The controller
126 is connected to a user interface 130 to allow a user to
make adjustments to any one of the setpoints so as to move the
desired measured or controlled variable to the setpoint.

While representative instrumentation has been described
to control various parameters of the apparatus 100, the elec-
trospinning apparatus 100 may be adjustable in other ways.
For example, the collection surface 116 area size can be
controlled by replacing the collection surfaces with others of
various sizes or shapes. Further, the degree of influence of the
collection surface 116 on the electrostatic field can be con-
trolled by selecting various dielectric materials and conduc-
tive materials. Those variables that were found to induce the
greatest change in the electrostatic field magnitude and direc-
tion include: (1) the distance between the first 108 and second
112 electrodes; (2) the distance from the nozzle 104 to the
collection surface 116; (3) the collection surface 116 dielec-
tric strength; and (4) the collection surface 116 area.

In one embodiment, the electrospinning apparatus allows
closed-loop control of at least a number of variables includ-
ing: (1) the distance between the first 108 and second 112
electrodes; (2) the distance from the nozzle 104 to the collec-
tion surface 116; (3) the applied voltage 124; (4) the pressure/
vacuum of the enclosure 106; and (5) the temperature 110 of
the dope. The collection surface 116 dielectric strength may
be controlled by the selection of materials, including poly-
styrene, Teflon™, and Pyrex™ The collection surface 116
area may be controlled by replacement with different sizes or
shapes ofthe collection surface. Consequently, because of the
closed-loop control, the resulting fibers had fiber diameters
that are substantially consistent with small variations. Fur-
thermore, closed-loop control also leads to the spacing
between the fibers (the “interfiber spacing”) being substan-
tially consistent with small variations.

FIG. 5 is an image using light microscopy of a non-woven
mesh 150 produced using one embodiment of the apparatus
100. The collection surface used in making the non-woven
mesh of FIG. 5 included alternating conductive copper wires
disposed parallel to one another on a dielectric surface as
shown in FIG. 3. The non-woven mesh 150 includes arrays
152 (the “dark” areas) of non-randomly oriented or arranged
fibers (the “non-random” fibers) and randomly oriented or
arranged fibers (the “random” fibers) between the arrays 152
that attach adjacent arrays 152 to each other. An array 152 is
a collection of fibers or a zone of similarly oriented fibers in
anon-woven mesh. The arrays 152 of non-random fibers have
fibers that are generally aligned along a single direction and
are generally parallel to one another, while the random fibers
of the areas between arrays 152 are at varying angles to the
direction of the generally parallel fibers of the arrays 152. The
random fibers attach the adjacent arrays 152 to one another.
The arrays 152 of non-random fibers are formed by alignment
with the parallel conductive wires 134 of the collection sur-
face 116. The random fibers are formed by the areas of dielec-
tric surface 136 between the conductive wires 134.

FIG. 6 is a scanning electron micrograph of a non-woven
mesh 160 produced using one embodiment of the apparatus
of the invention. The collection surface used in making the
non-woven mesh of FIG. 6 included alternating conductive
copper wires disposed parallel to one another on a dielectric
surface as shown in FIG. 3. The non-woven mesh 160
includes arrays 162 (the “light” areas) of non-randomly
arranged fibers and randomly arranged fibers (the “dark”
areas) between the arrays 162 that attach adjacent arrays 162
to each other. The arrays 162 of non-random fibers are gen-
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erally aligned in a single direction and are generally parallel
to one another, while the random fibers of the areas between
arrays 162 are at varying angles to the generally parallel fibers
of the arrays 162. The arrays 162 of non-random fibers are
believed to be formed because the parallel conductive wires
134 of the collection surface 116 cause a realignment of the
electrostatic field parallel to the conductive wires. In the areas
where there are no conductive wires, random fibers are
formed between the conductive wires 134. By varying the
orientation of conductive wires 134, and by varying the dis-
tance between the wires on the collection surface, while pro-
viding dielectric materials between conductive wires 134,
structured meshes having arrays of non-random fibers and
random fibers can be produced.

While FIGS. 5 and 6 depict representative non-woven
meshes having non-random fibers and random fibers, the
apparatus is not limited to producing such non-random fibers.
FIG. 7 is a scanning electron micrograph of a non-woven
mesh of random fibers. Because of the closed-loop control of
one or more process parameters, the non-random fibers and
the random fibers of the meshes produced have consistent
fiber diameters and interfiber spacing heretofore not achieved
by conventional electro spinning.

Morphological analysis of the fabricated non-woven
meshes appear to suggest that the collection surface 116,
including dielectric strength and surface area were found to
be more significant than voltage and dope temperature at
affecting fiber diameter and interfiber spacing. The collection
surface 116, which was not connected to either electrode,
substantially altered the electric field between the electrodes.
Using the closed-loop controlled electrospinning apparatus
100, meshes with fiber diameters ranging from about 5 pm to
about 18 um with a variability less than about 1.8% were
made. Interfiber spacing ranged from about 4 um to about 90
um with a variability less than about 20.2%. There was no
significant difference for fiber diameter (p=0.39) over the
range of about 8.6 um to about 14.1 pm or for interfiber
spacing (p=0.20) over the range of about 44.7 um to about
82.9 um. Fiber diameter and interfiber spacing were deter-
mined using the procedure set forth in Example 1 below in the
section on Mesh Analysis. In determining the fiber diameter,
an ellipse was fit to each fiber cross-section, and the minor
axis length was determined. The minor axis length was con-
sidered to be the fiber diameter. An average interfiber spacing
was determined using the stereological relationship for the
mean free distance between particles in a two dimensional
plane. The interfiber spacing was defined as the edge-to-edge
distance between fibers.

In addition to polyurethane, other representative synthetic
polymers useful for making electrospun fibers include, but
are not limited to: silicones, carbonized polyurethane, nylon,
polypropylene, polyethylene, polyester, polytetrafluoroeth-
ylene (PTFE), poly(lactic acid), poly(glycolic acid), polysty-
rene, polycarbonate, polyethylene glycol (PEG), fluoropoly-
mers, poly(galactic acid), polyethylene terephthalate (PET),
poly(dioxanone), poly(trimethylene carbonate) copolymers,
poly (E-caprolactone) homopolymers and copolymers, poly-
anhydrides, polyorthoesters, and copolymers of any of the
foregoing. In addition to synthetic fibers, natural fibers, such
as collagen and elastin, or non-synthetic fibers, such as silk,
may be electrospun to make non-woven meshes in accor-
dance with the invention.

FIG. 2 is a diagrammatical illustration of a second embodi-
ment of an electrospinning apparatus 200 in accordance with
the present invention. The components of the electrospinning
apparatus 200 that have the same numerical identification as
the components illustrated in FIG. 1 are substantially the
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same and not mentioned for brevity. However, the electro-
spinning apparatus 200 illustrated in FIG. 2 additionally
includes an auxiliary power supply 202 connected to the
collection surface 116 at one end thereof. The opposite side of
the collection surface 116 is connected to ground or at least to
a lower potential than the opposite side so that the collection
surface 116 generates a second electrostatic field. The power
supply 202 voltage is measured by the voltage transmitter 125
that connects to controller 126. Accordingly, closed-loop
control of the voltage 125 and of the electrostatic field
strength generated by the power supply 202 is provided. The
electrostatic field created as a result of the second power
supply 202 is one means to cause interference with, manipu-
late and/or change the electrostatic field between the first 108
and the second 112 electrodes to produce non-woven meshes
having controlled arrangements of fibers. Other means
include the shape, size, design, and materials of construction
of the collection surface 116. For example, as mentioned
before, a collection surface 116 may include conductors
aligned parallel to one another to create lines of electrostatic
force parallel to the conductors. The second power supply 202
produces lines of force that cause the spun fibers to deposit in
accordance with the lines of force of the electrostatic field.
When fibers are spun from the reservoir 102, the fibers
become aligned with the lines of the electrostatic field. This
provides the opportunity for producing meshes containing
non-random fibers. As fibers are deposited, the thickness of
the mesh begins to increase, and the electrostatic field
strength at the uppermost surface of the mesh decreases.
Therefore, to continue to create patterns substantially similar
as the first layers of fibers, the field strength is increased to
account for the thickness of the deposited mesh. This pro-
duces the opportunity for creating three-dimensional matri-
ces of fibers.

The apparatus of FIGS. 1 and 2 are used to produce non-
woven meshes that may be incorporated into medical devices.
The apparatus may be used to create a mesh having a fiber
architecture that matches the native fibrillar structure (col-
lagen and/or elastin) of the tissue that is to be replaced, so that
the structural and mechanical properties of the medical device
is similar. A problem with current tissue-engineered struc-
tures is that such matching does not exist, leading to a cascade
of rejection problems. By using the versatility and control of
the electrospinning apparatus described above, the desired
architectures and mechanical properties can be achieved.
Potentially, proteins, ligands, or other structures could be
attached to the tissue-engineered structures to enhance per-
formance.

As used herein, the term “medical device,” and grammati-
cal equivalents thereof, encompasses two types of devices: (a)
a device that is completely or partially implanted into an
animal body (such as a human body) during the course of
normal operation of the device; and (b) a device that is used as
a framework upon which to grow animal cells and/or tissues,
either in vivo or ex vivo.

Representative examples of medical devices include, but
are not limited to: prosthetic devices (such as artificial hip
joints, artificial ligaments, artificial tendons and artificial
knee joints), cardiovascular devices (such as vascular grafts,
artificial heart valves and stents), drug delivery devices (e.g.,
non-implantable drug delivery devices or implantable
devices that release one or more drugs over a desired time
period), skin substitutes (such as dermal and epidermal scaf-
folds), scaffolds that support tissue growth (in such anatomi-
cal structures as bone, tooth, nerves, pancreas, eye and
muscle), implantable biosensors (such as those used to moni-
tor the level of drugs within aliving body, or the level of blood
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glucose in a diabetic patient) and percutaneous devices (such
as catheters) that penetrate the skin and link a living body to
a medical device, such as a kidney dialysis machine. Some
medical devices are completely implanted into an animal
body (i.e., the entire device is implanted within an animal
body), while some medical devices are partially implanted
into an animal body (i.e., only part of the device is implanted
within an animal body, the remainder of the device being
located outside of the body). Examples of partially implanted
medical devices include catheters and skin substitutes.
Examples of medical devices that are completely implanted
into a living body include stents, artificial heart valves and
artificial hip joints. Some medical devices are used as a frame-
work upon which to grow animal cells and/or tissues either in
Vivo or ex vivo.

The non-woven mesh created by the apparatus of the inven-
tion may be deposited directly onto the medical device, or can
be formed separately and then attached to medical device, for
example by using an adhesive. Representative examples of
methods for attaching the non-woven mesh to a medical
device include: physioadsorption; lamination with adhesives
or heat fusion; electrocharging; static adhesion; “close encap-
sulation” by wrapping the mesh tightly to the material; cova-
lent attachment via various complementary functional deriva-
tization, e.g., carbodiimide coupling of amines on the medical
device to carboxyls on the fibers; ionic derivatization via
chemical modification to produce strong electrostatic inter-
action; and coordination chemistry to bond the mesh to metal
via modification with thiols or phenanthrolines.

In another aspect, the present invention provides methods
for manufacturing a medical device. The methods include a
step of generating an electrostatic field between a first elec-
trode and a second electrode, and electrospinning a dope
through a nozzle onto a collection surface located between the
first and second electrodes, wherein the collection surface
influences the deposition of the fibers to lie in a pattern that
matches the architecture and structure of a tissue that the
mesh is supposed to replace. For example, the manufacturer
can determine the fibrillar structure of the tissue, such as a
heart valve, intended to be replaced or into which the medical
device will be implanted, and then construct a collection
surface using dielectric materials, conductive materials, or a
combination of both, and then, optionally, with or without the
addition of a second electrostatic field, the manufacturer is
able to manipulate the electrostatic field so that the fibers that
are spun are made to lie in an arrangement that resembles the
native fibrillar structure. The non-woven mesh can be applied
to a medical device by any method. For example, electrospun
fibers can be deposited directly onto a medical device, or can
be formed separately and then attached to a medical device,
for example by using an adhesive. In other embodiments, the
non-woven mesh is the medical device and can serve as a
scaffold that allows collagen and cellular growth.

In one embodiment of the present invention, a medical
device includes a non-woven mesh having arrays of non-
random fibers and random fibers between arrays to attach
adjacent arrays to one another. The medical device may
include non-random fibers and random fibers having fiber
diameters of about 5 pum to about 18 um with a variability less
than about 1.8%. The medical device may include non-ran-
dom fibers and random fibers having interfiber spacing of
about 4 pm to about 90 pm with a variability less than about
20.2%. The medical device may include non-random fibers
and random fibers that are synthetic or natural fibers. The
medical device may include non-random fibers and random
fibers that are degradable fibers. The medical device may
include non-random fibers and random fibers made from a
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polyurethane. The medical device may include non-random
fibers and random fibers made from an amino acid-based
polyurethane.

In another embodiment, the medical device includes a non-
woven mesh made from fibers having fiber diameters of about
5 um to about 18 um with a variability of less than about 1.8%
and interfiber spacing of about 4 um to about 90 um with a
variability of less than about 20.2%. The medical device may
include fibers that are synthetic or natural fibers. The medical
device may include fibers that are degradable fibers. The
medical device may include fibers that are made from a poly-
urethane. The medical device may include fibers that are
made from an amino acid-based polyurethane.

In another embodiment, the medical device includes a non-
woven mesh, wherein the non-woven mesh comprises ran-
domly oriented fibers intermediate adjacent arrays of non-
randomly oriented fibers, and wherein the randomly oriented
fibers attach adjacent arrays.

In another embodiment, an implantable medical device
includes a non-woven mesh having fibers arranged to have a
fiber architecture similar to or that matches the fibrillar struc-
ture of tissue that the implantable device is intended to
replace. The implantable medical device may include a mesh
of arrays of non-random fibers and random fibers between
arrays to attach adjacent arrays to one another. The implant-
able medical device may include fibers having fiber diameters
of'about 5 um to about 18 um with a variability less than 1.8%.
The implantable medical device may include fibers having
interfiber spacing of about 4 um to about 90 pm with a vari-
ability less than about 20.2%. The implantable medical
device may include fibers that are synthetic or natural fibers.
The implantable medical device may include fibers that are
degradable fibers. The implantable medical device may
include fibers made from polyurethane. The implantable
medical device may include fibers made from an amino acid-
based polyurethane.

Another embodiment of the invention is an electrospinning
apparatus. The electrospinning apparatus includes a reservoir
for containing a spinning dope. The electrospinning appara-
tus includes a nozzle on the reservoir through which the
spinning dope is extruded or drawn. The electrospinning
apparatus includes an electrode in contact with a nozzle. The
electrospinning apparatus includes a second electrode located
a distance away from the first electrode. The electrospinning
apparatus includes a power supply connected to at least one
electrode to generate an electrostatic field between the first
and second electrodes. The electrospinning apparatus
includes a collection surface between the first and second
electrodes that is isolated from the first and second electrodes
to interfere with, manipulate, or cause a change in the elec-
trostatic field. The electrospinning apparatus may include a
collection surface that is made from a dielectric material. The
electrospinning apparatus may include a collection surface
that is made from a dielectric material and a conductive mate-
rial. The electrospinning apparatus may include a collection
surface that is made from a dielectric material and a conduc-
tive material, wherein the conductive material is connected to
a second power supply to generate a second electrostatic field
to interfere with, manipulate, or cause a change in the elec-
trostatic field generated between the first electrode and the
second electrode. The electrospinning apparatus may include
a collection surface made from a conductive material so that
fibers spun from the spinning dope align along the conductive
material. The electrospinning apparatus may include a col-
lection surface made from a dielectric material separating
conductive materials aligned parallel to each other so that
fibers spun from the spinning dope align into arrays of non-
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random fibers along the conductive materials and random
fibers align between arrays so that the random fibers attach
adjacent arrays to one another. The electrospinning apparatus
may further include a controller and a user interface to control
a parameter at a desired set point. An electrospinning appa-
ratus may include a controller and an instrument to have
closed-loop control of at least one variable measured by the
instrument. The electrospinning apparatus may include
means to control the temperature and/or the viscosity of the
spinning dope. Such means may include a temperature trans-
mitter, a controller and/or a means of heating, such as elec-
trical heat tracing or coils filled with a hot fluid. The electro-
spinning apparatus may include means to control the pressure
of the spinning dope. Such means may include a pressure
transmitter, a controller and lines connected to a pressure
and/or a vacuum source, so as to pressurize and/or apply
vacuum at the reservoir. The electrospinning apparatus may
include means to control the distance between the first elec-
trode and the second electrode. Such means may include a
controller and a translation stage that has a actuatable arm
which supports one electrode so that linear motion of the arm
causes a decrease in the distance between the first and second
electrodes. The electrospinning apparatus may include means
to control the distance of the collection surface from the
nozzle. Such means may include a controller and a translation
stage connected to the collection surface via an arm and an
actuator that actuates the arm to narrow the distance between
the collection surface and the nozzle. The electrospinning
apparatus may include means to control voltage generated by
the power supply. Such means may include a voltage trans-
mitter and a controller so that the voltage at one electrode is
controlled.

Another embodiment of an electrospinning apparatus
includes a first and a second electrode between which an
electrostatic field is generated, and a collection surface iso-
lated from and located between the first and the second elec-
trodes that causes interference with or changes the electro-
static field, wherein fibers that are deposited on the collection
surface are made to lie in a pattern according to the interfer-
ence or changes in the electrostatic field. The electrospinning
apparatus may have the collection surface made from a
dielectric material. The electrospinning apparatus may have
the collection surface made from a dielectric material and a
conductive material. The electro spinning apparatus may
have the collection surface made from a dielectric material
and a conductive material, wherein the conductive material is
connected to a power supply to generate a second electrostatic
field to interfere with, manipulate, or cause a change in the
electrostatic field generated between the first electrode and
the second electrode. The electrospinning apparatus may
have the collection surface made from a conductive material
along which fibers spun from the spinning dope align. The
electro spinning apparatus may have the collection surface
include dielectric material separating conductive materials
aligned parallel to each other so that fibers spun from the
spinning dope align into arrays of non-random fibers and
random fibers between arrays to attach adjacent arrays to one
another. The electrospinning apparatus may include a con-
troller and a user interface to control a controlled parameter at
a desired set point. The electrospinning apparatus may
include a controller and an instrument to have closed-loop
control of at least one variable measured by the instrument.
The electrospinning apparatus may include a supply of spin-
ning dope and means to control the temperature and/or vis-
cosity of the spinning dope. The electrospinning apparatus
may include a supply of spinning dope and means to control
the pressure of the spinning dope. The electrospinning appa-
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ratus may include means to control the distance between the
first electrode and the second electrode. The electro spinning
apparatus may include a nozzle through which fibers are
produced and means to control the distance of the collection
surface from the nozzle. The electrospinning apparatus may
include a power supply and means to control voltage gener-
ated by the power supply. The electrospinning apparatus may
include a controller and two or more instruments to have
closed-loop control of two or more variables measured by the
instruments.

Another aspect of the invention is a method for making a
non-woven mesh for a medical device. The method includes
generating an electrostatic field between a first electrode and
a second electrode. The method includes electrospinning a
dope through a nozzle onto a collection surface located
between the first electrode and the second electrode, wherein
the collection surface causes interference with, manipulates,
or changes the electrostatic field, wherein fibers that are
deposited on the collection surface are made to lie in a pattern
according to the interference, manipulation, or changes in the
electrostatic field caused by the collection surface. The
method may include having a collection surface made from a
dielectric material. The method may include having a collec-
tion surface made from a dielectric material and a conductive
material. The method may include having a collection surface
made from a dielectric material and a conductive material,
wherein the conductive material is connected to a second
power supply to generate a second electrostatic field to inter-
fere with, manipulate, or cause a change of the electrostatic
field generated between the first electrode and the second
electrode. The method may include having a collection sur-
face made from a conductive material along which fibers spun
from the spinning dope align. The method may include hav-
ing a collection surface made from a dielectric material sepa-
rating conductive materials aligned parallel to each other,
wherein the fibers spun from the spinning dope align into
arrays of non-random fibers along the conductive materials
and random fibers align between the arrays along the dielec-
tric material to attach adjacent arrays to one another. The
method includes controlling a parameter at a desired set point.
The method may include providing for closed-loop control of
at least one variable. The method may include controlling the
temperature and/or the viscosity of the spinning dope. The
method may include controlling the pressure of the spinning
dope. The method may include controlling the distance
between the first electrode and the second electrode. The
method may include controlling the distance of the collection
surface from the nozzle. The method may include controlling
the voltage at least at one of the electrodes.

In another embodiment of an electrospinning method, the
method includes spinning fibers from a dope onto a collection
surface producing lines of force, wherein the lines of force
correspond to a fibular structure of any mammalian or animal
tissue. The method may include applying a potential across
the collection surface to generate the lines of force.

EXAMPLE 1

A Representative Electrospinning Apparatus And
Method

An electrospinning apparatus was constructed containing a
polymer chamber, first and second electrodes, an enclosure, a
collection surface, and an x-y-z translation stage.

The polymer chamber held 16 cc of polymer melt at a
controlled temperature and pressure. The chamber was
heated via band heaters (model NHW00158, Tempco, Wood
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Dale, I11.) placed around the outer surface of the chamber.
Temperature was monitored using platinum resistance tem-
perature transducers (RTD) (model 1PT100KN815, Omega,
Stamford, Conn.) embedded in the bottom of the chamber. A
pressure control valve (IP413-020, Omega) and a vacuum
control valve (PV104-5V, Omega) were connected to ports on
the top of the chamber, and pressure and vacuum sensors
(PX142-030D5V, PX141-015V5V, Omega) were located in
the lines between the control and chamber ports. Tempera-
ture, pressure, and vacuum were controlled via closed-loop
controllers as described below. A grounded electrode was
positioned within the polymer melt chamber, extending out
through an upper port. A stainless steel nozzle with a length to
diameter ratio of 4.5 was positioned on the bottom of the
chamber so that polymer emerging from the chamber entered
the enclosure. The polymer chamber was mounted on top of
the polycarbonate enclosure via high temperature thermo-
plastic mounting brackets. The mounting brackets were
designed such that only the nozzle was exposed to the interior
of the enclosure. Iris ports on each side prevented airflow
from affecting the electrospinning process yet allowed easy
entry into the enclosure. When assembled, the polymer cham-
ber was sealed except for the inlets for pressure and vacuum
control.

The positive electrode was mounted to a Delrin carriage
within the enclosure. The carriage was connected to a 0.8-mm
lead screw so that electrode distance from the nozzle could be
easily adjusted. A high-voltage power supply (RP-50-100,
Del, Valhalla, N.Y.) connected between the positive and
ground electrodes provided a controllable potential difter-
ence from 0 to 50 kV.

The collection surface was mounted to an x-y-z stage
(404150XR, Parker Daedal, Harrison City, Pa.) via a polycar-
bonate arm that protruded into the enclosure through a port in
the rear. An accordion boot formed a seal between the arm and
the enclosure. All components within the enclosure were
constructed from dielectric materials with the exception of
the nozzle and the positive electrode.

Controller

A Labview (National Instruments, Austin Tex.) virtual
instrument (V1) was used to control the temperature, voltage,
vacuum/pressure behind the melt, and stage position. For
temperature measurement, signals from the RTDs were con-
verted to voltages with signal conditioning modules (OMS5-
1P-600-C, Omega, Stamford, Conn.), digitized with a multi-
function data acquisition board (PCI-MIO-16XE-10,
National Instruments, Austin Tex.), and monitored on a PC
(450 mHz Optiplex GX1, Dell, Round Rock, Tex.). To control
the duration of heating so as to achieve set point temperatures,
pulse-width-modulated digital outputs from the controller
were sent to solid-state control-output modules (ACOS5-C,
Omega, Stamford, Conn.). The duty cycle was determined
using the average temperature as a percentage of the set point.
Lower percentages increased the duty cycle.

Vacuum and pressure were controlled with a proportional
closed-loop feedback control scheme. Signals from the
vacuum sensor and pressure sensor were digitized and moni-
tored on the PC. Signals sent to the vacuum control valve and
pressure controller were proportional to the differences
between the set points and their respective instantaneous val-
ues. A greater difference increased the time the valves were
open.

Components from a library of Labview virtual instruments
(Motion Toolbox™, Parker Compumotor, Rohnert Park,
Calif.) were embedded in the VI for motion control of the
x-y-z stage. Control command inputs from the VI were sent to
an AT6400 four-axis controller (Compumotor) that converted
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the data for use in a step indexer (Zetad, Compumotor). On
initialization all axes were positioned with respect to a known
position. Monitoring the position with the AT6400 allowed
for pseudo-feedback control of axis position.

Mesh Production and Analysis

An analysis of the system parameters was performed using
meshes electrospun from a melt. Melt spinning was chosen
over solvent spinning so as to reduce inconsistencies related
to solvent evaporation rates and solution concentration
changes that can result during electrospinning from solution.

Controlled Parameters

In this electrospinning apparatus there were three classes
of variables to consider: the device specific variables, the
polymer specific variables, and the collection surface specific
variables. The primary device specific variables were the
applied voltage (V), distance from the electrode to the nozzle
(De), nozzle length (N1), and nozzle diameter (Nd) (Note: the
nozzle is usually referred to as a capillary in the electrospin-
ning literature). A consistent N1:Ndratio of 4.5 was used. The
only polymer specific variable considered for melt spinning
was the polymer viscosity. Viscosity of the melted polymer
was dependent on the melt temperature (T) and since tem-
perature was easily controlled in this system, temperature was
used as the parameter instead of viscosity. The collection
surface specific variables were dielectric strength (DS) and
surface area (SA).

A separate experiment was conducted to determine if vis-
cosity did indeed decrease when melt temperature increased.
5.75 g of polymer was placed in a nozzle-shaped chamber of
2 mm diameter and 11.73 mm length. The nozzle was heated
in the thermally-controlled melt chamber described above
and brought up to a specified temperature—225, 234, or 243°
C.—overa 15 min interval. Polymer was collected for a S min
interval and then weighed. Viscosity was calculated as the
ratio of the shear stress at the nozzle wall to the apparent shear
rate at the nozzle wall:

_APnR4
Na = TE

where, AP is the pressure gradient across the nozzle (pg* (H+
L)), H is the average height of polymer above the nozzle, L is
the nozzle length, R is the nozzle diameter, and Q is the
volumetric flow rate (M/(pT)). The polymer density (p) was
determined experimentally by weighing a precise volume of
molten and condensed polymer, ensuring it was free of all air
bubbles. Three trials were conducted at each temperature. A
test statistic of 0.05 was used to make comparisons between
groups.

In this device, the distance between the collected fibers and
the nozzle was independent of the electrode position. Thus,
the device specific parameter of collection surface distance
from the nozzle (Ds) was also considered. This parameter was
normalized to De for consistent comparison between values
of De (Ds/De=n)). For analysis of the electrospinning param-
eters of electrode distance (De), ratio of collection surface
distance to electrode distance (), applied voltage (V), and
temperature (T), polystyrene Petri dishes (100 mm diameter;
15 mm depth) were used for the collection surface. To deter-
mine the effect of the collection surface dielectric strength
(DS), additional tests were conducted using Teflon™,
Pyrex™, and additional polystyrene Petri dishes (0.8 mm
thickness and 1.75 mm thickness). More tests using 150
mmx15 mm polystyrene Petri dishes were conducted to ana-
lyze the effect of collection surface area (SA) on the end
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product mesh. TABLE I summarizes the experimental param-
eters and the ranges over which they were varied and ana-
lyzed. For most of the parameters these values also represent
the range over which the electrospun jet was stable enough to
collect fibers. The upper and lower bounds for v, V, and T
were determined by systematically changing the parameter
within a 170 mm electrode spacing range until a consistent
mesh could no longer be collected. The upper and lower
bounds for De were established using the upper and lower
bounds for 1 and systematically changing De until a consis-
tent mesh could no longer be collected.

The interactions between variables were assessed. All
parameters other than those under study were held constant
for each of these evaluations: The ratio v was varied at three
levels within five levels of De. V was varied at three levels
within three levels of ) and three levels of De. T was varied at
three levels within three levels of . The collection surface
dielectric strength was varied at four levels within three levels
of 1. The collection surface area was varied at two levels
within three levels of 1.

The mass flow rate was measured for a subset of the test
parameters. The subsets were as follows: Measurements were
made at five levels of De, three levels of V, three levels of n,
and two levels of SA. Thus, a total of 75 interactions were
evaluated.

Mesh Collection

To conduct the analysis, meshes were manufactured from
thermoplastic polyurethane (Estane™ 58315, Noveon,
Cleveland, Ohio) while each parameter was varied. For analy-
sis of the device specific parameters, to assure that the tem-
perature of the melt was consistent throughout testing, the
following protocol was used for each test. Approximately 5 g
of polymer was placed in the electrospinning melt chamber
and heated until a slow steady flow emerged from a 1 mm
nozzle at atmospheric pressure (~15 min). Once the flow was
steady, the nozzle tip was cleaned. When a fresh droplet
formed on the tip, voltage was applied between the polymer
drop and the positive electrode, electrospinning a continuous
fiber from the nozzle. The continuous fiber was collected on
a surface (inverted Petri dish) that was positioned between the
nozzle and the positive electrode. To analyze the polymer
specific parameter (related to polymer viscosity), electrospin-
ning was conducted at different polymer temperatures.

To ensure a consistent thickness sample, during electro-
spinning the collection surface was translated in the horizon-
tal plane in concentric circles and decreasing diameter at a
rate of 5 mnV/s. Fiber collection began at the outer edge of the
surface and then the circle diameter was decreased in 2 mm
increments until the center of the surface was reached. Fiber
collection was continued while the surface returned to the
original position in increasing diameter concentric circles.
Sample thickness average 0.3 mm.

To determine the mass flow rate, fibers were collected for
300 s, and then the sample mass was measured. Care was
taken such that all fibers were collected on the surface
throughout the tests. The mass flow rate was the sample mass
divided by 300 s.

Mesh Analysis

Since the focus of'this research was to produce predictable
and repeatable scaffolds for biomaterial and tissue engineer-
ing applications, an appropriate method needed to be devel-
oped to analyze the end product mesh. The properties of the
mesh of interest were the fiber diameter and interfiber spac-
ing. Samples of each manufactured test mesh were mounted
on 14 mm OD, 12 mm ID Teflon frames using Titebond™
polyurethane glue (Franklin International, Columbus, Ohio).
Care was taken to prevent straining the sample during the
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mounting process. The samples were embedded in dyed OCT
(Tissue-Tek, Sakura, Calif.) and flash frozen. The OCT was
dyed to enhance the contrast between the translucent OCT
and translucent polymer fibers so as to simplify image pro-
cessing. For each sample 20 consecutive, 5-um thick sections
were taken perpendicular to the horizontal plane of the
sample and placed on glass slides for light microscopy analy-
sis. At least 16 images from the first, last, and two intermedi-
ate sections from each sample series were taken. The images
were digitized using Image Pro Plus™ (Media Cybernetics,
Silver Spring, Md.) then analyzed using custom algorithms
written with the Image Processing Toolbox in Matlab™
(Mathworks, Natick, Mass.).

To assess fiber diameter a semi-automated method was
used. The digitized images were imported, converted to gray-
scale, and thresholded such that only the fiber cross-sections
remained in the image. Specs resulting from inconsistencies
in the embedding medium were removed. To determine the
appropriate threshold level for each image, algorithms in the
Matlab image processing toolbox were used. The algorithms,
based on an intensity level specified by the user, identified
peaks and valleys in the image and filled in enclosed regions.
Once the user was satisfied with the image processing, the
properties of each region (fiber) were determined.

The properties of each fiber were determined using the
regional properties algorithms in the Matlab image process-
ing toolbox. An ellipse was fit to each fiber cross-section, and
the minor axis length was determined. The minor axis length
was considered to be the fiber diameter. An average interfiber
spacing was determined using the stereological relationship
for the mean free distance between particles in a two dimen-
sional plane, wherein the equation: L=0.5(N """, describes
the stereological relationship of the distance (L) between two
objects in a two-dimensional space. The interfiber spacing
was defined as the edge-to-edge distance between fibers.
Results

Parameterization

ANalysis Of VAriance between groups (ANOVAs) per-
formed on the data revealed that there was a significant
(p<0.05) effect for all test parameters with respect to fiber
diameter and interfiber spacing. Below, parameters are
expressed normalized to their maximum tested values. The
range of testing within a parameter was limited by the stabil-
ity of the electrically spun jet. For the distance between elec-
trodes (De), fibroporous meshes outside of the indicated
parameter range (TABLE I) could not be collected.
Fibroporous meshes could not be collected at voltages (V)
less than 25 kV. Voltages above 35 kV resulted in highly
unstable jets which could only be collected at De=170 and
Nn=0.39. For all combinations of De and V, meshes could be
collected only within the range for 1 indicated in TABLE 1.
Temperatures below 225° C. resulted in polymer melts that
were t00 viscous to spin whereas temperatures above 243° C.
overheated the polymer. The collection surface values were
limited by the availability of acceptable Petri dishes for fiber
collection. Data presented below are for the parameter com-
bination within each test variable which had the greatest
influence on the fiber diameter and interfiber spacing.

Viscosity testing at controlled temperatures showed that
viscosities at 225° C., 234° C., and 243° C. averaged 678.3
(+149.9),136.2 (+35.2), and 53.8 (+4.5) cP, respectively. The
viscosity at 225° C. was significantly larger than that at 234°
C. or243° C.; the viscosity at 234° C. was significantly larger
than that at 243° C. (p<0.05).

Increasing the temperature (T) (which decreased the vis-
cosity) caused an increase in fiber diameter (FIGS. 10, 11). A
concave curve related fiber diameter to applied voltage. Both



US 9,085,830 B2

17

temperature and applied voltage had less effect on fiber diam-
eter compared with features of the collection surface, i.e.
dielectric strength and surface area. The dielectric strength
(DS) and surface area (SA) had opposing effects. The diam-
eter increased with increasing dielectric strength, whereas the
diameter decreased with increasing surface area. Fiber diam-
eter was nonlinearly related to distance from the nozzle (De).

Interfiber spacing increased with increasing temperature
but was not strongly dependent on applied voltage (FIGS. 12,
13). The surface area of the collection surface had the most
significant effect of all parameters tested, decreasing with
interfiber spacing. The collection surface dielectric strength’s
effect was to increase interfiber spacing. Both distance
between the electrodes and the ratio between electrode dis-
tance and collection surface distance exhibited nonlinear
trends with respect to interfiber spacing.

The complexity of the interdependence of parameters is
exemplified in FIG. 12. Holding the electrode distance con-
stant and varying the collection surface to electrode distance
ratio resulted in three different trends for the dependence of
fiber diameter on applied voltage. Only the high ratio
(n=0.66) showed a strong relationship. The other two ratios
(m=0.53 and 0.39) had a concave curve and a convex curve,
respectively.

The average percent change of fiber diameter and interfiber
spacing for all parameter tests is shown in FIG. 13. Applied
voltage and viscosity (controlled by temperature) did not
have the greatest influence (indicated by average percent
change) on fiber diameter and interfiber spacing. Within the
six parameters of interest, the collection surface had the great-
est impact on fiber diameter and interfiber spacing. The
dielectric strength of the collection surface induced the great-
est change, and the collection surface area induced slightly
less of a change in both parameters.

The effects of the parameters were compared quantita-
tively. The average percent change in fiber diameter was at
least 14% and 15% greater for dielectric strength and surface
area respectively than for any other parameter. For interfiber
spacing the induced change was at least 34% and 13% greater
for dielectric strength and surface area, respectively. To deter-
mine if the difference in percent change was significant stu-
dent-t tests were performed. The null hypotheses were that
the percent change in fiber diameter and interfiber spacing
induced by one of the four parameters voltage (V), distance
between the electrodes (De), temperature (T), or the ratio (1))
was not different from the change induced by the collection
surface dielectric strength (DS) or surface area (SA).

The percent change in fiber diameter induced by DS and
SA was significantly (p<0.05) different from the change
induced by V, T, or n. However, it was not significantly
different from that induced by De. DS induced a greater
change in interfiber spacing than V, T, or n. The change
induced by SA on interfiber spacing was not significant with
respect to the change induced by the other parameters.

The mass flow rate decreased slightly with increasing m
and increased with increasing voltage. Increasing SA
increased the mass flow rate while increasing DS resulted in
aparabolic relationship with the mass flow rate (FIG. 14). An
increase in mass flow rate would be expected to increase fiber
diameter.

Correlations between the mass flow rate and fiber diameter,
and mass flow rate and interfiber spacing were analyzed to
further investigate the relationships among the parameters.
TABLE II shows the correlation coefficient for mass flow rate
(MFR) verses fiber diameter and interfiber spacing for all test
parameters except one held constant (1, DS, or V). MFR was
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well-correlated to the fiber diameter for n and V but not for
DS. The interfiber spacing correlated poorly with MFR for all
three test parameters.

Repeatability, Predictability, and Accuracy

The smallest average fiber diameter achieved for an elec-
trospun mesh had a diameter of 5.32+2.71 pm and the small-
est average interfiber spacing achieved was 4.39+1.41 pm.
Repeatability for scaffold production has a mean error of
1.8% and 20.2% for fiber diameter and interfiber spacing,
respectively. On all repeated sample tests combined there was
no significant difference for diameter (p=0.39) over the range
0f'8.63 um to 14.13 pum or for spacing (p=0.20) over the range
of'44.75 pm to 82.85 pm.

Discussion

The fiber diameter range and interfiber spacing range were
dependent on the polymer selected, the viscosity control
method (melting) used, and the collection surface material.
Contrary to the literature, the fiber diameter increased when
the applied voltage was increased. Results for the correlation
between polymer temperature (inversely related to viscosity
as confirmed by the viscosity tests reported here) and fiber
diameter are also inconsistent with the literature. Generally, it
is expected that the fiber diameter decreases with increased
temperature because the polymer viscosity is decreased thus
the strain rate is increased. However, if the viscosity becomes
sufficiently low, the frictional forces in the fluid are no longer
a factor, and the mass flow rate will increase with increased
temperature, resulting in an increase in fiber diameter. The
collection surface had the most significant effect on fiber
diameter of the parameters investigated because of its effect
on the electric field. The collection surface was independent
of the electrodes, and the collection surface was positioned
between the electrodes. The collection surface likely dis-
torted the electric field (FIG. 17), causing it to deflect around
the surface, thus causing a change in voltage.

The physical size of the collection surface also affected the
electric field between the electrodes. Placing a dielectric
between the electrodes deflected the electric field. Increasing
the surface area of'the collection surface increased the degree
of field deflection. This would tend to increase the secondary
instability of the spinning jet, which would result in smaller
fiber diameters. In addition, increasing the secondary insta-
bility (hence wave propagation frequency) decreased the
mesh interfiber spacing, as confirmed in TABLE 2.

The repeatability achieved with this system of 1.8% for
fiber diameter and 20.2% for interfiber spacing are expected
to be within the needs for tissue engineering applications.
Consistent fiber diameters may be important to tissue
response, and a consistent architecture will ensure meshes
with relatively uniform mechanical properties without locally
weak regions.

TABLE I

ANATYZED PARAMETER VALUES
Parameter Analyzed Values
De (mm) 130 150 170 190 210
n(mm/mm) 0.39 0.53 0.66
VvV (kV) 25 30 35
T(C) 225 234 243
DS (kV) 1 54 84 126
SA (mm?) 6082 15394
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TABLE I

CORRELATIONS OF FIBER DIAMETER AND INTER-
FIBER SPACING WITH MASS FLOW RATE WITH
ALL PARAMETERS EXCEPT ONE HELD CONSTANT

Parameter not Inter-Fiber

Held Constant Fiber Diameter Spacing

n 0.97 0.39

DS 0.21 -0.06

A% 0.84 0.35
EXAMPLE 2

A Representative Method of Making a Medical
Device

Scaffold Production

This example demonstrates the making of a scaffold with
the architecture and mechanical properties of a representative
region of a mitral valve anterior leaflet. One scaffold type that
had a linear stress strain relationship similar to the pre-tran-
sition region and a second scaffold type that had a biphasic
relationship similar to the native tissue were developed. The
scaffolds were produced using an electrospinning apparatus
substantially as described above.

Two formulations of degradable polyurethane (DPU) were
used to produce scaffolds with similar architectures and dif-
ferent mechanical properties. Each polymer formulation was
solvated in chloroform to a specific % wt/v in sealed glass
vials to prevent evaporation of the solvent. The first formula-
tion (DPU5050) was 50% Woodhouse PCL530 and 50%
Woodhouse PCL1250 solvated in chloroform to achieve a
36% wt/v. The second formulation (DPU1250) was 100%
PCL1250 solvated in chloroform to achieve a 25% wt/v. The
polymers were solvated under continuous mixing for a mini-
mum of 24 hrs before use and were stored while mixing
continuously.

The solvated polymer solution (either DPUS050 or
DPU1250) was placed into a 10 ml glass syringe. The syringe
was placed into a syringe pump which was used to control the
polymer feed rate at ~0.001 ml/min. Between 15 and 20 kV
was applied between the electrodes while the collection sur-
face was simultaneously charged with 5 to 10kV. The collec-
tion surface was translated in a predefined pattern in the x-y
plane and the fibers were collected on the surface.
Collection Surface Design

The collection surface was constructed as described in the
following paragraph for all test samples. Dumbbell-shaped
sections as illustrated in FIG. 3 measuring 15 mm at the ends,
2.5 mm at the narrowest section, 20 mm in length over the
narrow central section and having an overall length of 50 mm
were cut from adhesive backed copper sheets. The dumbbell-
shaped sections were adhered to 25 mmx75 mmx1 mm, pre-
cleaned, superfrost plus slides (48311-703, VWR Scientific,
West Chester, Pa.). The dumbbell was aligned on the slide
such that one end of the dumbbell was approximately 5 mm
from the uncoated end of the slide. On the central region of the
copper dumbbell-shaped section an additional 2 mmx20 mm
adhesive backed Teflon section was placed on top of the
copper section. A fiber aligner was used to place parallel 40
gauge copper wires over the central region of the templates
aligned with the long axis of the slide. The wires were glued
to the slide at each end of the template using cyanoacrylate
and allowed to dry overnight. Once the wires were securely
adhered to the slide, the ends of the wires were twisted to form
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a bundle and soldered. The number of wires and the spacing
between the wires was analyzed for consistency of wire
placement using light microscopy.

Prior to spinning on the template, the templates were
cleaned in 70% ETOH and a sterile wire screen with a win-
dow cut in the middle was slid over the slide such that the
window was centered over the central region of the template.
The wire screen made removing the scaffold easier.

Four to six passes were made through the electrospinning
jet to assure even coverage over the central region of the
template. Once the central region was covered, the template
was positioned to reinforce the transition region where the
screen interfaces with the scaffold. Once complete, the tem-
plate with the scaffold still attached was placed in a -20° C.
freezer to dry for two days. At least four scaffolds were
produced for each in vitro test.

Spinning Technique

The electrospinning technique employed is referred to as
the modified point-point spinning technique. Briefly, the
modified point-point spinning technique was designed to take
advantage of contact and non-contact electrical manipulation
of the spinning fiber. The objective was to achieve parallel
arrays of electrospun fibers with controlled spacing, ran-
domly oriented fibers between the arrays. This architecture
was chosen to mimic the parallel collagen structure of the
native valve while allowing cellular ingrowth between the
arrays.

To achieve this architecture, the template was clamped in
the holder on a 3-axis stage. An auxiliary power supply was
connected to the soldered copper wire. The template was
positioned between the positive electrode and the grounded
stainless steel pipetting needle. High voltage was then applied
between the electrodes and to the template. The polymer
solution was pumped through the nozzle at a rate of 0.001
ml/min while the stage was systematically translated in the
x-y plane.

Valvular Tissue Engineering

Cell Harvest and Culturing

Tissue was harvested from a juvenile female swine imme-
diately following euthanasia. The mitral valve anterior leaflet
tissues were harvested. Endocardial cells were removed
where possible by scraping with a scalpel blade and the tissue
samples were cut into ~1 mm pieces. Pieces were washed in
phosphate buffed saline (PBS) and centrifuged for 10 minutes
at 1000 rpm. Tissue samples were cultured in 100 mm Petri
dishes in Delbucco’s Modified Eagles Medium (DMEM),
supplemented with 10% FBS, and 1% antibiotic/antimycotic.
The first passage of the cells was 17 days after harvest. One
week after the first passage of cells, the cells were cryo-
preserved for later use. Prior to seeding scaffolds, all cells
were reanimated and cultured for at least 2 weeks.

Cytotoxicity and Endotoxicity Evaluation

Prior to seeding the DPU scaffolds, cytotoxicity and endot-
oxicity tests were conducted on representative samples of the
material. An elution test was performed on polymers that had
recently been produced based on the United States Pharma-
copia (USP) 24 guidelines for In Vitro Biological Reactivity
Tests. The samples were prepared for the elution as follows.

The dumbbell collection surface (template) was installed
in the holder and connected to the auxiliary power supply. A
25% wt/v solution of DPUS5050 in chloroform was prepared
and electrospinning was initiated as described in the previous
sections. Once the collection surface was completely cov-
ered, the sample was removed from the template and placed in
a Petri dish. This process was repeated until at least 0.2 grams
of mesh was produced.
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The samples were washed with RBS 35 detergent solution
for 30 minutes, then rinsed three times with deionized water
for 5 minutes each wash. Samples were dried in the laminar
flow hood overnight. Once the samples were dry, they were
UV sterilized for 30 minutes on each side in an uncovered
Petri dish. Once sterile, samples were aseptically transferred
to a sterile, non-pyrogenic, polystyrene tube (Falcon, 2003).
Samples were submerged in 1 ml DMEM and eluted for 24
hours in an incubator (37° C., 5% CO,). After 24 hours, a
standard cytotoxicity protocol was followed.

Endotoxin evaluation was performed by preparing the
samples as previously described. The samples were asepti-
cally transferred to sterile, non-pyrogenic tubes and sub-
merged in 1.0 ml LRW reagent water such that the sample
concentrations equal 100 mg/ml. The samples were incubated
overnight at 37° C. and 5% CO, concentration. After incuba-
tion, a standard endotoxicity protocol was followed.

DPU Scatfold Preparation and Seeding

After 2 days in the freezer, the scaffolds were placed in the
laminar flow hood and excess material removed from around
the template. The screen and scaffold were removed from the
template, being careful not to damage the scaffold. Once the
scaffold/screen assembly was removed, the unit was UV ster-
ilized for 30 minutes on each side. Sterile 3.175 mmx25.4
mm stainless steel dowel pins were placed on the scaffold
ends by bending the screen tabs around the pins and bending
the screen ears to lock the tabs in place.

For each experiment, two scaffolds were placed in 150 mm
Petri dishes such that the scaffold was not in direct contact
with the dish and submerged in a 50 pg/ml concentration of
laminin. The remaining scaffolds were placed in 150 mm
Petri dishes and submerged in PBS for use as unseeded con-
trols. All dishes were sealed with parafilm to prevent laminin
evaporation and placed in the refrigerator overnight to
enhance laminin attachment to the scaffold.

After 24 hours of refrigeration, the scaffolds were removed
from the laminin or PBS and placed in 10 ml to sterile PBS in
clean/sterile Petri dishes. PMVIV cells were removed from
the incubator, trypsinized, suspended in 10 ml culture media,
and centrifuged for 10 minutes at 1000 rpm. The supernatant
was removed after centrifuging and the cells resuspended in
500 pl culture media. The cells were counted using a direct
counting method and a sufficient volume of cell suspension
was placed on the scaffolds to achieve seeding with approxi-
mately 1x10° cells. The seeded scaffolds were placed in the
incubator for 30 minutes to 1 hour to allow for cell attachment
after which 10 ml of media was added to the culture dish. The
control scaffolds received the same treatment substituting an
equal volume of culture media for the cell suspension. All
scaffolds were incubated for 7 days, exchanging 5 ml of
media every two days. For all tests, two of four scaffolds were
seeded and two scaffolds, one seeded and one unseeded, were
uniaxially strained for 1 hour per day for up to 5 days.

Tissue-Engineered Construct Mechanical Conditioning

To accomplish in vitro mechanical conditioning of the
seeded constructs, a uniaxial bioreactor was constructed that
would interface with a custom testbed that was described in
the literature. [Mitchell, S. B., 4 Device to Biaxially Strain
Biomaterials in Culter, in Bioengineering. 1998, University
of Washington, Seattle, p. 15.] The bioreactor was designed
such that the temperature and pH of the media could be
maintained for the entire mechanical conditioning period. In
addition, the bioreactor was designed such that the sample
could be left in the chamber and removed from the testbed
with minimal manipulation of the construct. This enabled the
incubation of the sample in the same environment as the
control samples with exception for the 1 hour loading period.
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Briefly, the bioreactor includes four main systems; the air
plenumb\interface chamber, the culturing chamber, specimen
attachment\transfer jig, and the load-cell interface unions.

The air plenum chamber\interface functions to provide
flow of a heated air\CO, mixture to the bioreactor such that
physiological condition can be maintained for cell culturing
and to align the bioreactor with the existing load cell position
on the biaxial testbed. The bioreactor mounts to the top of the
plenum in a recessed port that has a sliding window to allow
for preheating of the system prior to bioreactor installation.
Ball check valves are used on the inlet and outlet of the
plenum to assure that a slight positive pressure in the biore-
actor is maintained for sterility. Temperature in the plenum is
monitored with four AD592 integrated circuit temperature
transducers (Analog Devices, Norward, Mass.) that fit into
four ports (two on the inlet and two on the exhaust) in the
plenum.

The culturing chamber of the bioreactor has two compo-
nents, the base and midsection. The bottom of the chamber is
formed by placing a semi-permeable membrane (PL732,
Baxter Healthcare, Deerfield, Ill.) between the base and the
midsection. This material is used to keep media within the
chamber while allowing CO, diffusion and heat transfer to the
media from the air flowing through the plenum.

The chamber is designed such that the test sample can be
immersed in 10-15 ml of culture media. The specimen attach-
ment/transfer jig is designed such that minimal manipulation
of'the test specimen would occur while installing the loading
apparatus to the specimen and installing the bioreactor in the
testbed. The attachment jig consists of the mounting clamps,
loading rods, and holder. The mounting clamps snap onto
stainless steel pins that are attached to the construct. When
assembled, the construct is suspended at the zero-strain posi-
tion between the clamps.

The stainless steel loading rods are the interface between
the clamps and the load-cells. Attached to the load-cells are
the mating dovetail slots for the loading arms. This provides
an easy means for removing the bioreactor from the testbed
without removing the construct from the bioreactor.

Prior to assembly and testing, all components of the biore-
actor were sonically cleaned in RBS35 detergent, rinsed 3
times for 5 minutes, and UV sterilized for 30 minutes on each
side. The bioreactor was assembled using aseptic techniques
after which the inside of the chamber was re-sterilized with
UV light for 15 minutes.

After the initial culturing period (7 days), the assembled
attachment/transfer jig was carefully installed on the seeded
sample and the unseeded loaded control. 10 ml or 15 ml of
culture media was placed in the assembled, sterile, bioreactor,
and the seeded sample was carefully transferred to the biore-
actor. Samples and unseeded controls were uniaxially
strained for 1 hour per day. The initial strain protocol was
cyclically straining at a rate of 5 mm/min to a 10% strain on
day 1, 20% strain on day 2, and 30% strain on day 3. There-
after, the strain was maintained at 30% and 5 mm/min. How-
ever, the protocol was modified to 5% cyclic strain at 5
mm/min for two days and 10% cyclic strain at 5 mm/min for
the subsequent day in an attempt to increase the testing dura-
tion.

Tissue-Engineered Construct Morphological Analysis

The day following the last successful day of straining, the
specimens were prepared for analysis. Sections of the speci-
mens were fixed in 4% paraformaldehyde (PFA) for 15 min-
utes, after which they were placed in PBS for later processing.
Once all tests had been conducted, the PFA fixed sections
were removed from the PBS, embedded in O.C.T., and flash
frozen. Embedded samples were sectioned in 7 micron thick
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slices and stained following a standard Masson’s trichrome
protocol. Once the sections were stained, they were imaged
with light microscopy and qualitatively analyzed for morpho-
logical features.

A portion of the PFA fixed samples from representative
samples for each type of scaffold were prepared for SEM.
Samples were prepared for SEM by dehydration in an alcohol
gradient. Because the DPU readily dissolves in alcohol, a
modified dehydration protocol was followed based on experi-
mental analysis of the scaffold degradation time in alcohol.
Samples were dehydrated in increasing alcohol concentra-
tions from 20% to 60% in increments of 10% for three min-
utes in each concentration. The samples were then allowed to
air dry in the laminar flow hood overnight. Once prepared,
each sample was cut in half and mounted on an aluminum
stud with opposite sides exposed. Samples were then sputter
coated with gold for 20 seconds and SEM imaged.

Sections from representative samples for each type of scaf-
fold used were also labeled using Qtracker™ fluorescent live
cell labeling kit (QuantumDot, Hayward, Calif.) following
the manufacturer’s recommended protocol. Sections of the
labeled samples were placed on slides and observed with
fluorescent microscopy.

Tissue-Engineered Construct Biochemical Analysis Col-
lagen Synthesis

For biochemical analysis 1.5 ml of culture media was
extracted from all samples during each day of mechanical
testing. Media was obtained prior to installing the attachment
jig on the first day of testing, before mechanical testing for
each day of'testing, and the day following the termination of
testing. Once the media sample was obtained, the old media
was removed from the bioreactor and culture plates and fresh
media was added.

The synthesis of collagen was assessed using an enzyme
immunoassay kit (EIA) (PIP, Takara Miras Bio, Madison,
Wis.). Collagen is synthesized as precursor molecules called
procollagens. The procollagens have peptide sequences at
both ends called propeptides which facilitate the winding of
procollagen into the triple-helix formation. When the col-
lagen triple-helix is secreted, the propeptides are cleaved. The
kit was used to assess the quantity of propeptides synthesized
which stoichiometrically represent the quantity of collagen
synthesis. The sensitivity of the kit was 10 ng/ml.

Samples and standard curves were prepared following the
EIA manufacturer’s protocol. Once completed, the absor-
bance of each sample was measured at 480 nm and compared
to the standard curve. Seeded samples were normalized to
unseeded controls.

Results

Scaffold Properties

The two different formulations of DPU exhibited different
stress-strain relationships. Stress-strain relationships of DPU
appeared to be consistent between seeded and unseeded scat-
folds. The DPUS050 exhibits a biphasic curve at 10% strain
(Figure) and the DPU1250 exhibits a linear trend (Figure).
However, the magnitude of the stress increased 100 fold with
the cell seeded DPUS5050, whereas the DPU1250 maintained
the same maximum stress between seeded and unseeded
samples.

Collagen Synthesis

Procollagen content (PCC) in the media increased with a
power law relationship with respect to a decrease in the post
transition modulus. The post transition modulus of the
DPUS050 constructs decreased with the number of days
tested, whereas the post transition modulus of the DPU1250
constructs increased with the number of days tested. Despite
the difference in degradation response (decreased modulus
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with time verses increased modulus with time), the procol-
lagen content was increasingly greater with a decrease in post
transition modulus.

Morphological analyses were performed to qualitatively
assess the biological aspects of the constructs. Masson’s
trichrome stain was used to assess cellular ingrowth and col-
lagen deposition. Cellular ingrowth was observed on both
scatfolds produced with DPU5050 and DPU1250. DPUS5050
appeared to be more porous than fibrous, whereas DPU1250
was definitely fibrous. The greatest densities of cells were
observed on DPUS050 constructs that had been mechanically
loaded for 5 days after the initial 1 week of static culturing.
These meshes also had more prevalent staining for collagen.
Furthermore, the collagen in the samples that were loaded for
5 days was always adjacent to cellular ingrowth.

Staining for collagen revealed collagen deposition on four
of nine scaffolds, all of which were produced using the
DPUS5050. Cells in the DPUS5050 scaffolds appeared to
always be confined to pores, whereas cells on the DPU1250
scatfolds could be seen growing along fibers and spreading.
The DPU1250 scaffolds were loaded for up to 3 days only.
Qualitatively, the seeded samples that were strained for 3 days
appeared to have the greater number of cells within the mesh.
Furthermore, the cellular ingrowth for the DPU1250 samples
appeared to be along fibers only. There were no indications
that the cells were attaching to multiple fibers within the
mesh. However, the cells do appear to elongate or spread out
in the direction of the fiber.

Fluorescent microspheres were used to label the live cells
within the construct after which the constructs were imaged
using fluorescent microscopy. The samples were fluorescent
showing distinct cellular content in addition to fibrous archi-
tecture of the scaffold. At increased magnifications, the
fibrous structure becomes more apparent, showing cells
adhering to fibers as well as growing in interfiber spaces.
As-spun and scaffolds in media did not auto-fluoresce and did
not label with the fluorescent microspheres.

The constructs produced from the DPUS5050 appear to have
a different morphology than those produced from the
DPU1250. At low magnification, there is no apparent fibrous
structure; there was, however, what appears to be a substantial
cellular presence on the construct. Increasing the magnifica-
tion does reveal some fibrous structure and the cell migrating
into the structure; however, the polymer fibers do not appear
as well as the DPU1250 fibers.

Scanning electron microscopy images were used to deter-
mine if the cells were adhering to the fibers and growing
within the fibroporous structure.

Laminin coated and as-spun control images were used to
differentiate between scaffold features and cellular structures
within the seeded scaffolds. All control images exhibit scaf-
folds that have smooth fibers with no debris in the interfiber
spaces.

DPUS5050 constructs imaged all had structures that were
not present on the as-spun scaffolds. The cells appeared to be
round, globular shaped and were primarily on single fibers.
There were some texture regions around these structures that
were most likely extracellular matrix remnants/proteins. The
globular cellular structures were slightly smaller than the live
cells imaged with light microscopy. In some instances, struc-
tures could be seen filling between fibers and adhering to
fibers. Speculation was that these sheets were extracellular
matrix proteins that had filled the voids between the fibers.

Imaging results from the DPU1250 constructs did not
reveal substantial numbers of round, globular structures.
However, there were several cells adhering to fibers that were
spread out and extending pseudopods. In addition, there were
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several features that could be cells or cellular byproducts.
Structures like this were not observed in the control SEM nor
were structures wrapped around fibers observed in the
DPUS5050 constructs.

In the tissue engineering methodology used in the research,
biodegradable scaffolds were seeded with cells. Thus, the
mechanical properties of the scaffolds were changing with
time as the scaffolds degraded. Additionally, two different
formulations of DPU were used that exhibit different
mechanical characteristics. However, the architectures of the
scaffolds were not significantly different. The binding to
these different scaffolds induced different cellular responses.
The cells on the DPUS5050 were balled up, whereas the cells
on the DPU1250 scaffold were spread out. This response
most likely resulted primarily from the elastic properties of
the material. The findings indicate that the synthesis of col-
lagen increased with a decrease in scaffold modulus. The
modulus of the DPU5050 scaffolds was decreasing with time
(degradation); however, the modulus of the DPU1250 scaf-
folds was increasing with time (strain hardening), yet they
both elicited the same response with respect to collagen syn-
thesis.

While illustrative embodiments have been illustrated and
described, it will be appreciated that various changes can be
made therein without departing from the spirit and scope of
the invention.

The invention claimed is:

1. An electrospinning apparatus, comprising:

(a) a reservoir configured to contain a spinning dope;

(b) a nozzle adjacent to the reservoir through which the
spinning dope is extruded or drawn;

(c) a first electrode in contact with the nozzle;

(d)asecond electrode located a distance away from the first
electrode;

(e) a power supply connected to at least one of the first
electrode and the second electrode, wherein the power
supply is configured to generate an electrostatic field
between the first electrode and the second electrode; and

(f) a collection surface located between the first electrode
and the second electrode, wherein the collection surface
comprises a pattern of conductive material separated by
dielectric material, and wherein the collection surface is
isolated from the first electrode and the second electrode
to interfere with, manipulate, or cause a change in the
electrostatic field, wherein the conductive material is
connected to a second power supply configured to gen-
erate a second electrostatic field to interfere with,
manipulate, or cause a change in the electrostatic field
generated between the first electrode and the second
electrode.

2. The electrospinning apparatus of claim 1, wherein the

collection surface comprises a plane.

3. The electrospinning apparatus of claim 1, wherein the
collection surface comprises a cylindrical mandrel.

4. The electrospinning apparatus of claim 1, wherein the
collection surface is configured to rotate relative to the nozzle.

5. The electrospinning apparatus of claim 1, further com-
prising means to control voltage generated by the power
supply, the second power supply, or both the power supply
and the second power supply.

6. The electrospinning apparatus of claim 1, further com-
prising fibers deposited on the collection surface, wherein the
conductive material comprises a plurality of conductive lay-
ers aligned parallel to each other and the fibers are aligned
into arrays of non-random fibers and random fibers between
the arrays that attach adjacent arrays to one another.
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7. The electrospinning apparatus of claim 1, further com-
prising a controller and a user interface configured to control
a controlled parameter at a desired set point.

8. The electrospinning apparatus of claim 1, further com-
prising a controller and an instrument configured to have
closed-loop control of at least one variable measured by the
instrument.

9. The electrospinning apparatus of claim 1, further com-
prising means to control the temperature and/or viscosity of
the spinning dope.

10. The electrospinning apparatus of claim 1, further com-
prising means to control the pressure of the spinning dope.

11. The electrospinning apparatus of claim 1, further com-
prising means to control the distance between the first elec-
trode and the second electrode.

12. The electrospinning apparatus of claim 1, further com-
prising means to control the distance of the collection surface
from the nozzle.

13. The electrospinning apparatus of claim 1, further com-
prising a controller and two or more instruments configured to
have closed-loop control of two or more variables measured
by the instruments.

14. An electrospinning apparatus, comprising:

a first electrode and a second electrode between which an

electrostatic field is generated; and

a collection surface isolated from and located between the

first electrode and the second electrode, wherein the
collection surface comprises a pattern of conductive
material separated by dielectric material, wherein the
collection surface is configured to cause interference
with or changes in the electrostatic field, and wherein
fibers that are deposited on the collection surface are
made to lie in a pattern according to the interference or
changes in the electrostatic field, wherein the conductive
material is connected to a power supply configured to
generate a second electrostatic field to interfere with,
manipulate, or cause a change in the electrostatic field
generated between the first electrode and the second
electrode.

15. The electrospinning apparatus of claim 14, wherein the
collection surface comprises a plane.

16. The electrospinning apparatus of claim 14, wherein the
collection surface comprises a cylindrical mandrel.

17. The electrospinning apparatus of claim 14, wherein the
collection surface is configured to rotate relative to a nozzle
through which dope is electrospun.

18. The electrospinning apparatus of claim 14, further
comprising fibers deposited on the collection surface,
wherein the conductive material comprises a plurality of con-
ductive layers aligned parallel to each other and the fibers are
aligned into arrays of non-random fibers and random fibers
between arrays that attach adjacent arrays to one another.

19. The electrospinning apparatus of claim 14, further
comprising a controller and a user interface configured to
control a controlled parameter at a desired set point.

20. The electrospinning apparatus of claim 14, further
comprising a controller and an instrument configured to have
closed-loop control of at least one variable measured by the
instrument.

21. The electrospinning apparatus of claim 14, further
comprising a supply of spinning dope and means to control
the temperature and/or viscosity of the spinning dope.

22. The electrospinning apparatus of claim 14, further
comprising a supply of spinning dope and means to control
the pressure of the spinning dope.
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23. The electrospinning apparatus of claim 14, further
comprising means to control the distance between the first
electrode and the second electrode.

24. The electrospinning apparatus of claim 14, further
comprising a nozzle through which fibers are produced and
means to control the distance of the collection surface from
the nozzle.

25. The electrospinning apparatus of claim 14, further
comprising a power supply and means to control voltage
generated by the power supply.

26. The electrospinning apparatus of claim 14, further
comprising a controller and two or more instruments config-
ured to have closed-loop control of two or more variables
measured by the instruments.
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